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RESEARCH MEMORANDUM

INSTRUMENTATTON FOR RECORDING TRANSIENT PERFORMANCE OF GAS-
TURBINE ENGINES AND CONTROL SYSTEMS

By Gene J. Dello and Glennon V. Schwent

SUMMARY

Design features are presented for the dnstrumentation used in a
study- of the transient performence of gas-turbine englnes and control
systems. The dynamlc characteristics of the instrumentation are
discussed and examples are given of typical data on the acceleration
of & controlled and an uncontrolled engine.

INTRODUCTION
1

The measurement and the recording of the transient behavior of
gas-turbine engines have become increasingly importent in many fields
of research. Accurate measurement of engine translent performance is
especially important in the field of automatic-controls research in
order to provide the knowledge of engine dynamic characteristics
necessary for control synthesis. Accurate measurements are also
needed in the study of control-system behavior and in the determinstion
of such englne transient limitations as compressor stall and burner
blow-out. The engine transients encountered in this work can be
accurately recorded only with instruments possessing good dynamic
response. The technique of recording engine ftransient performance
with a photopanel and a motlion-plcture camera is inadequate because
of the poor response charscteristics of the instruments and because
considerable labor is required to transcribe the data from the film
into the useble form. The data recorded on film are, furthermore, .
not immedistely avalleble for study, a disadvantage that is lmportant
in large test facilities, such as an altitude wind tunnel. Special
instrumentation and recording methods have accordingly been developed.
at the NACA Lewis laboratory as a necessary part of conbtrol-systems
research.

. The problem of recording engine transients has several aspects:
First, a recordlng system i1s needed that 1s cepable of inking wave

forms of transients directly on a moving paper chart and that possesses
linear phase shift together with flat frequency response; second,
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sensing elements must be designed that can convert all englne varlables
into electrical signals and that possess good dynamic response; and
third, & recording technique must be developed that permits the use

of slgnal amplification about any desired operating point. In engine-
controls study, such rapidly changing quantities as fuel-valve
position, exhaust-nozzle ares, compressor-discharge pressure,
turbine-outlet temperature, fuel flow, and engine thrust must be

simil taneocusly recorded, and the record should be immediately avail-
eble for inspection. A discussion of the problems encountered in
recording gas- turbine engine and control transients 1s presented

of research at the Lewls laboratory. The discussion 1s presented in
four perts: recording and amplifying equipment, senslng-element design,
recording technique, and illustrative dats. k

ESSENTIAL FEATURES OF AMPLIFIERS AND RECORDERS

In the complete recording system, the amplifier, the recorder,
and the sensor must be so selected that the system produces an accurate

record. The amplifier and the recorder units are common to the - o

recording of all érndine parameters; therefore their input impedance,
frequency respounse, and sensitivity must be determined before the
sensing elements can be deslgned. .

The amplifier-trecorder combinations are commerclally avallable
equipment possessing essentlally flat frequency response up to
100 cycles per secorid. Hach recorder h&s an assoclsted amplifier
that 1s frequency-compensated to reproduce accurately both transient
and steedy-state signalas. The frequency range 1s sufficient for
analyses of current gas-turbine engine trausients. One of the
miltichannel installetions used at the Lewls laboratory altltude wind
tunnel is shown in figure 1.

Amplifiers

Two basic types of amplifier are used to drive the recorders,
& dlrect=coupled amplifier and & strain amplifier. The direct-
coupled amplifier produces output power to drive the recorders, and
the output power 1s proportional to dnput voltages representing
elther static or dynamic conditions. The straln amplifier produces
power proportional to a resistance bridge unbalance (milcro-ohm/ohm)
and is applicable for use with sny resistance sensitive pickup.
Thus the straln ammlifier can be used to record pressures, forces,
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and so forth, which are either static or dynamic, provided the
equipment is calibrated in terms of the particular pickup used.

The input to the strain amplifer consists of bonded strain
gages applied in a.Wheatstone bridge circult in which the bridge
is belanced when the strain gages are unstrained. The straln
amplifier measures the unbalance of a bridge having four actlive strain
gages. At maximum sensitivity, the strein amplifier produces one-

millimeter pen deflection at the recorder for a strain of 2% micro-
inches per inch strain at the bridge.

The input to the dlrect-coupled amplifier consists of voltages
produced by thermocouples, direct-current tachometers, potentiometers,
and so forth. At maximum sensitivity, the direct-coupled amplifier
produces one-millimeter pen deflection for every millivolt input.

-

The requirements of recording technique, described later,
necessitate the balancing of the inputs to both amplifiers about any
operating point; that 1s, the signal level at the beginning of each
transient recording must be zero. Incorporeted in the strain
amplifier are resistance and phase balancing controls. In the direct-
coupled amplifiers, however, amplification of small voltage changes
about large input voltages is necessary; therefore external balancing
circuits are used to reduce the input level. The measured over-all
drift of both amplifier-recorder combinstions is less than 1 millimeter
pen deflection per hour.

The high-gain amplifiers used in the recording of englne transients
require a constant voltage power supply. Although the power-supply
regulators in the amplifiers compensste for long-period drifts in the
power supply lines, they do not effectively block the high-frequency
transients introduced by the switching of electrical loads. In order
to block the high-frequency power line transients, a motor-generator
set with a large rotating mass is used as a low-pass filter. This
combination of the motor-generator set and the regulators in the
amplifiers insures a constant voltage power supply.

Recorders

The recorders incorporate electrodynamic direct-inking pens
capable of inking transients on a moving paper chart. The moving-coil
pen, energized by a frequency compensated emplifier, writes with good
fidelity from direct current up to 100 cycles per second. The pen
unit is compact enough to permit placing several units side by side so
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that multichannel. recording is possible. This arrangement permits

study of the transients at the time of cccurrence, comparison of

several engine variables recorded on a common time base, reproducibility
of records, and variation of chart speeds.

Difficulties encountered in reproducing engine operating conditions
on succeeding days mseke imperative the immediate inspection of a record-
ing so that a repeat test may be run immediately if the recording
equipment is improperly adjusted. Also, trial tests are necessary to
determine i1f the balancing and sensitivity adjustments give large
enough pen deflections without exceeding scele limits. This lest need .
for direct inking is particularly important because the senslitivities
and balance mist be readjusted for nearly every new test condition.

Not only 1is the facllity operating time thus minimized, but also, in
controls development, the results of a previous test can be immedistely
analyzed, and any necessary changes in control design may be incorpo-
rated prior to the next test.

Some engine variebles are dependent on the lnstantaneous values
of other variables; for example, compressor-discharge total pressure
depends on the instantanous values of fuel flow, speed, ram pressure,
and exheust-nozzle asrea. Also, some variables in a controlled englne
depend on the time history of other variables; for example, engine
speed depends on the time history of fuel flow, ram presgure, and
altitude. The multichannel recorder used can make simultaneous records
of 6 variables with & common time base on one chert; because simul-
taneous recording of up to.18 varlebles ig required, three 6~channel
recorders are used. Time-marker pens are installed in each multiple-~
channel unit and are energized from an identical source to correlate
the three recorders and provide a common time base for all channels.

DESIGN FEATURES COF SENSING ELEMENTS

The dynamic characteristics of a complete sensing system depend
upon the individual characteristics of the sensing element, amplifier,
and recorder. The sensing element is defined as the complete trans-
ducer, which converts sampled energy at the engine (for example,
pressure) to electrical energy at the input of the amplifier located
in the control room. The sensing element must be designed with con-
sideration of the characteristics of the recorder and the amplifiler
1f an accurate record of the trahslent-is to be schleved. The
requirements of a sensing element are that the output (voltage) be
linear with respect to the input (temperature, pressure, position,
or velocity), that it have good dynamlc response, and that its power
sensltivity be great enough to give full-scale. deflection_on the
recorder when the transient is imposed.

6512,
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Pressure-Sensing Element

Meny types of pressure sensor are commercislly availsble. The
type selected incorporstes & bellows mechanically connected to &
bonded strain-gage bridge having four active strain gages. This
cholce was made to utilize the high gain of the strain emplifier.

A high sensitivity 1s required of pressire-sensing elements
because of the wide range of pressures that are encountered. For
example, a pressure sensor giving full-scale signal at sea level will.
glve only approximately 10 percent of full-scale signal at an altitude
of 50,000 feet. Moreover, it is usually desired to mske a full-scale
recording of a transient that varies over a small percentage of the
static-pressure differential on the sensor. Consequently, in order
to record engine transients at altitude, it is frequently necessary
to use much less than 1 percent of the rated range of the sensor.

The very high sensitivity required of pressure sensors introduces
two problems: The mechanical vibration from the engine is transmitted
through the sensor and creates a noise signal in the sehsor output
that makes the transient signal less readable; and, furthermore, the
sensitivity is high enough that the sensor will detect distortion
resulting from the pneumatic transient response of the sensor with
1ts connecting tubing.

Vibration isolation. - The pressure sensor must be mounted close
to the engine to avold distortion resulting from long pressure tubes.
If, however, the sensor is mounted near the engine, the mechanical
vibration from the engine can be transmitted through the sensor mount
to the sensor and then to the sensor output, where it appears as
electrical noise. For pressure changes of 1 percent of the sensor
range, englne operation produces vibration of sufficient magnitude
to lower the signal to a noise ratio below 1. Because electrical
filtering of the sensor output cannot filter the low vibrational
frequencies without distorting the signal, the only alternsative is to
provide vibration isolation of the pressure sensors.

For maximum vibration isolation, the sensor mount must possess
the lowest possible natural frequency. The natural frequency wvaries
inversely as the square root of the static deflection. This low
natural frequency, or large static'deflection, is obtained by the
type of mounting illustrated in figure 2. The pressure sensors are
suspended by springs inside holes cut in a large steel plate. The
steel plate, 3/8 inch thick, is suspended by elastic shock cords that
are fastened to a frame mounted on the engine test bed. The plate is
oriented to give the least vibrationsl emplitude parallel to its

v.,-:_
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surface. The pressure sensors are so Oriented that the most sensitive
plane of the sensor is parallel to the plane of the platé. Thie
installation has sufficiently low trensmissibllity that the
vibrational effects Introduced by normal engine operation become
apparent only at the highest gain setting of the recording system.

Pneumatic transient characteristics. - The second problem _
occurring in the design of a pressure-sensing element is the necessity
for avoiding distortion due to the pneumatic cheracteristics. The
distortion is minimized by choosing a pressure-sensor volume that is
as small as posslble, and tube dimensions that produce the highest
undamped natural frequency and desired demping ratio. 'he principle
of this design is given in reference 1. According to reference 1,
the transfer functlion of the tube and reservolr volume (assuming a
lumped-constant system) is shown to be a function of system
dimensions and gas condltions. The transfer function is defined as
the ratio of the Laplace transform of the pressure response in the
pressure reservoir to the Laplace transform of the pressure dls-
turbance at the mouth of the tube. The transfer function is

PC(S) _ 1 (l)

P T2
a(s) 82 t 24 g1

w® 0

where the undamped natural frequency 1s

2 -
nreygRTo
o N (2)
and the dsmping ratio is
¢ < 4r VLgRTq (3)
POI'3 N Lag

The symbols are defined in the apperndix.

6¢T2
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Because the problems of vibration consideration and egulpment
installation require the use of tubing 5 to 14 feet in length, the
lumped-constant assumption of reference 1 1s not completely wvalid.
Use 1s made, however, of the test technigue described therein and
of equations (2) and (3) herein to arrive, by experiment, at the
proper tube dimensions. Equations (2) and (3) describe the veriation
of the coefficients of the transfer function with opersting pressure
and temperature. :

The complete pressure-sensing system.(length‘of tubing, pressure
sensor, amplifier, and recorder) was bench-tested by introducing a
square-wave pressure disturbance at the mouth of the tube. The
response was noted on the recorder. Different tube radii were used
until the desired response was achieved. The effect of varying tube
radii is shown in figure 3.

The tube radius is varied to achieve a damping ratio slightly
less than critical (a condition approached most closely by fig. 3(b))
at bench atmospheric conditions. The pressures and the temperatures
in the engine differ from bench conditions and vary with engine speed
and altitude. The tube radius arrived at by bench tests is therefore
changed according to equation (3) to yield the bench demping ratio
at the operating conditions of mininum temperature and maximum
pressure anticipated during engine operation. As seen from equation (3),
the design conditions corresponding to minimum temperature and maximmm
pressure insure that the damping ratio never drop below the design velue.

At sea-level conditions, the slowest of the pressure sensors has
a Tlat response from O to 8 cycles per second. As the pressure level
drops, the damping ratio increases and the response rate of the
instrument decreases. As the altltude 1ncreases and the pressure level
drops, however, the engine response rate decreases accordingly. The
relative time responses of the instrument and the engine thus remain
approximately the same over a range of altitude.

Sensitivity. - Because the range of the pressure sensors used
depends on the paraméter being measured, the over-all sensitivities
of the various pressure-sensing systems differ (fig. 4) . The maximmum
sensitivity of the strain amplifier-recorder combination using four
active geges is O.4-millimeter pen deflection per microinch per inch
of strain. The maximum over-all sensitivity of the least sensitive
pressure-sensing system 1s 7 millimetere pen deflection per inch of
mercury (fig. 4(a)). The maximm sensitivity achieved is 1 millimeter
pen deflection per 0.0l inch of mercury.




8 L] NACA RM E51D27

Speed-Sensing Element

Sensltivity. - A small direcit-current motor, coupled directly to
the compressor shaft, 1s used as a generator to convert speed into
en electrical signal. The two-pole direct-current motor has s
permanent magnet field and is rated gt a speed of 11,000 rpm at
12 volts. As a generator, the output ls approximately 1 millivolt
per rpm. The output was found to be llinear when coupled to a direct-
coupled amplifier heving an input impedance of 7 megohms. The over-all
sensitivity of the speed-sensing system is l-millimeter pen displace-
ment per rpm (fig. 4(b)).

Filter. - The use of a dlrect-current generstor requires a low-
pass filter to remove the commutator ripple. In the filter design,
a compromise ls necessary because the flilter affects both the noise
(commutator ripple) and the engine-speed signal. A filter having
sn undamped netural frequency of 8 cycles per second and a damping
ratio of 0.6 allows a sufficiently wide pass band for the signal and
provides the necessary filtering of the commuitator ripple. The
response of the speed-sensing system (d—c. amplifier, recorder, and _
filter) is illustrated in figure 5. The disturbances are steps in
voltages corresponding to speed changes of 100 rpm.

Temperature-Sensing Element

The successful gpplication of thermocouples for sensing transient
temperatures in.a gas stream requires the solution of two problems:
The first problem 1s caused by insufficlent sensitivity; the second,
and major problem, concerns the dynamic characteristics of the
thermocauple. - o . . S

Sensitivity. - Two techniques are used to increase the sensi-
tivity. A choice of thermocouple metals is first made to obtaln
high thermoelectric power (mv/CF) and the sensitivity is then further
increased by the serles connection of several thermocouples. The
thermocouple output is directly coupled to a direct-coupled amplifier

heving & gain of 1000.

The sensitivity of & chromel-constantan thermocouple, at the
temperature of the exhaust gas in an engine, is approximately
4.4 millivolts per 100C P. Series connection of several thermocouples
multiplies the sensitivity and has the added advantage of averaging
the temperature sensed st each thermocouple. This averaging is
necessary because random fluctuatlons of the order of 100° F have been
noted at one thermocouple when measuring turbine-discharge temperature.

6s12
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As an example, five thermeccouples are circumferentially arranged
and series-connected to sense average turbine-discharge tempersature.
The sensitivity, or thermoelectric power, of this combination is
22 millivolts pér 100° F. The maximum over-all sensitivity of the
temperature-sensing system then is 0.22-millimeter pen deflection
per OF (fig. 4(c)).

Transient behavior. - The time lag of & thermocouple varies with
mess flow, thermocouple mass, and geometric configuration. An annealed,
butt-weld, loop-type configuration is used. The smellest gage wire that
has an acceptable life expectancy for engine research purposes was
found to be No. 24 gage. This thermocouple design produced a measured
response time of less than 1/4 second et maximum englne msss flow at
sea level. ’

Flow-Rate-Sensing Element

Fuel flow is measured by using a differential pressure sensor to
record the pressure drop across an orifice. At high altitudes, the maxi-
mum engine fuel flow is only 10 percent of the sea-level maximum.

Because the pressure drop varies as the square of the flow, a fixed
orifice produces & pressure drop at altitude that 1s only 1 percent of
the sea-level pressure drop. A variable-area orifice 1s therefore used
to utilize the full range of the differential pressure sensor at all
altitudes.

Noise. - Because the pressure sensor senses the instentaneocus
differences of two large pressures, extreme care is necessary to reduce
the noise introduced by the turbulence and the vibration of connecting
tubing. Pipe taps are located in enlarged sections on both sides of
the orifice, as shown in the following sketch:

t.} Electrical
<f connections

Pressure sensor Short rigid

‘F To— | ’ — tubing
7

' Pipe tap

Orifice . v
setting N
-~

in --————— PFuel ——— out
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h e taps are located in regions of low turbulence and meassure only the
pressure loss due to throttling. The pressure semsor is firmly mounted
on the varisble-orifice housing and 1s connected to the housing with
short, rigid tubing. When the noise level is reduced to a practical
minimim, the signal-to-nolse ratio is increased by varying the area

‘v operate the pressure sensor near its maximum rating.

L

- B6ELd

Dynamics and semsitivity. - The dynamic behavior of the fuel-
flow sensing system does not readily lend itself to analysis. An
indication of the dynamic behavior can be obtalned by noting the
correlation between traces of fuel-valve position and fuel flow in
figure 6. This figure 1s a record of six engine variables during
ungtable control operation. For this. case, the control manipulstes
*he independent varisble (fuel flow) by positioning the fuel valve
t.3 8 function of speed error. .. - o

The over-all sensitivity of the fuel-flow-sensing system depends
on the area of the orifice. For maximum sensitivity, the orifice is
adjusted to operate the pressure sensor near its maximum rating for
the largest flow anticipated during the engine transient under inves-
tigation. Although the differential pressure varies as the square =
of the flow, linearity may be assumed for changes of flow that are _ : et
small relative to the steady-state flow. For large flow changes, the
nonlinearity of the instrument must be consildered.

Thrust-Sensing Element

Installation,. - Transient thrust is indicated by measurlng the
change in stress 1n the engine mount. Streain gages were bonded to
the two cantilever engine supports, as shown in flgure 7. The third
support at the front of the engine has swivel connectlons so that all
horizontal components of force are transmitted to the two cantilever
mounts. The four strain gages (two on easch cantilever mount)} were
connected in a bridge in a sequence that canceled stress signals due
to engine yaw or roll. This bridge arrangement is also shown in
figure 7. ' T )

Sengitivity and dynamic response. - The sensitivity of the thrust
sensor i1s proportiocnal to the strain in the cantilever mounts produced
by the thrust. High sensitivity cen be achieved by using highity
stressed mounts. The mounts used were designed sc that a thrust of
5000 pounds produced a stress 1n the cantllever supports of 15,000 pounds
per square inch. This force caused a.strain at the strain-gage .
locations of 500 microinches per inch. At msximum sensitivity, the
straln amplifier produces a pen deflection of 1 millimeter per
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2% microinches per inch strain. Thus the meximm sensitivity of the

complete thrust-sensing element is 25 pounds of thrust per miliimeter
of pen deflection. :

The minimum amplitude of signals that can be recorded is limited
by the amplitude and the frequency of vibration of the engine mount.
This frequency is too low to be filtered without distorting the thrust
signal. At high engine speeds, the amplitude of vibration was found
to be so high that the readability of the record for small thrust
increments was decreased. The sensitivity of the thrust-recording
equipment varies with the stress of the engine mount, and the frequency
of engine-mount vibration varies inversely with the stress of the
engine mount; therefore, a compromise mount stress of 15,000 pounds
per square inch was necessary.

Pogsition-Sensing Elements

A11 mechanical motions, such as those assoclated with fuel-valve
position, exhaust-nozzle area, and throttle-lever positions, are
converted to electrical signals with mechanically coupled potentio-
meters. The over-all sensltivity of the position sensor is determined
by the arbitrary megnitude of the direct-current voltage applied
across the potentiometer, and the dynamic response is limited by the
response of the amplifier-recorder combination (fig. 4(d)).

RECORDING TECHNWIQUE

In the design of the recording system, the prime objectives are:
sufficient sensitivity, linearity, good dynamic response, and very
slow drifts. In order to accomplish these objectives, the steady-
state calibration is sacrificed. Thus, the recording system is used
to obtain only the correct form of the transient. The absolute
values of the variables are obtained from steady-state instrumentation.
The combination of this recording system with steady-state ilnstru-
mentation necessitates a technique of senslitivity and calibration
adjustments for the instrumentation used to record engine transients
during the progress of engine testing.

Sensitivity Adjustment
The greatest accuracy in reading the records is obtained when

the full chart width is used for each transient recording. In order
to utilize the full chart width, the engine is operated in steady

L
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state at one extreme condition of the expected transient, and the

signal input is balanced to positlon the recording pen at one edge
of the chert. Trial transients are run and the sensltivity 1s _
adjusted until the full width aof the chart is traversed during the ~—;E
transient. ' e L e m e s ———— s rn e et ———

The need for trisl trensients in adjusting the sensitivity is
illustrated in figure 8. This figure 1s a recording of slx engilne
variables obtailned during a controlled acceleration. The engine
control measures speed and adjusts the fuel-velve position.
Inspection of the filgure shows an overshoot in fuel-velve posltion,
compressor-dischaerge total pressure, and turbine-outlet tempersature.
Proper adjustment of the sensitlivity is possible only by use of .
trial transients. . . ..

Calibration

Generally, two different methods of callbration are used,
depending upon the type of trensient involved. For a transient in _ o o
which the initial and final steady-stete values differ, calibration -
is obtained by using values from conventionsl steady-state instru- -
mentation. For a transient in. which the initial and final values CT
are essentially the same, a calibration is obtailned by noting the ©
steady~-state values for two different engine conditlons while main-
taining the geln settings constant. The chammnel is then calibrated
by use. of the sensitivity and the initial steady-state values.

Opersting Procedure : : . . D

The operating procedure used in obtaining the recording shown Lo e
in figure 8 is as follows: The englne and tunnel conditions were
adjusted to the initial condition of the proposed transient, and the
recording channels were adjusted to position the recording pens near
the edges ofthelr. respective charts. A trial run of the proposed
transient was made and the sensitivities of the channels were indi-
vidually adjusted to give the desired deflection. .The record obtained
with the final adjustment was retained for analysis and is presented . -
as flgure 8. . L .. e m e

After the enginé has been sllowed to reach equilibrium at the \
initial conditions and prior to the proposed transient, data from the .
steady-state lnstrumentation are recorded. Immediately following the
transient, readings from the steady-state instrumentation ere agsin
taken, thereby providing calibration for each channel. The steady-
state instruments needed are grouped on & panel and photographed before ¢ e
and after each desired transilent.
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EXFERTMENTAL DATA

The controlled and uncontrolled engine dynamic behavior may be
analyzed with the instrumentation and the recording technique outlined
1n this report. The study of records of engine trensients, such as
those shown in figure 8, which was obtalined during the controlled
acceleration of a turbojet engine, will yleld information of the
following type: control galn, peak vealues of various. englne para-
meters, engine accelerstion time, degree of control stability,
Instantanecus relations among various engine parameters, and presence
of compressor stall and burner blow-out. Following are some typical
results obtalined in the recording of turbojet-engine transients under
altitude conditions.

.

Compressor Stall

An snalysis of the condition under which compressor stall was
encountered in an axial-flow Jet engine may be made using the data
presented in figure 9. 1In this case, compressor stall occurred during
acceleration. Inspec¢tion of flgure 9 will show that the fuel valve
responded correctly to a change in speed setting introduced into the
engine control.. The fuel flow, turbine-outlet temperature, and
compressor-discharge total pressure increased with the lncrease in
fuel-valve position. The engine began to accelerate to a higher speed
and reached a condition where the compressor-discherge total pressure
reached the stall pressure for the existing engine speed. Stall
occurred where the compressor-discharge total pressure fell quickly,
and the engine acceleration was greatly reduced. The turbine-ocutlet
temperature increased rapidly at stall until the over-temperature
demaged the thermocouples. As indicated by the traces, the stell indi-
cated by the turblne-outlet temperature was sbout 1/25 second later
than the stall indicated by the compressor-discharge total pressure.

Following the iniltiation of stall, & condition of surge at a
lower compressor-discharge pressure was established. The frequency
of pressure fluctuation, 55 cycles per second, is correct, but the
amplitude of surge is regarded as incorrect because the surge frequency
is above the design freguency range of -the pressure-sensing system.

Control Instaebility and Burner Blow-out
An illustration of the type of record obtained with an unsteble

control.system is given in figure 6. The figure also shows a record
of burner blow-out. Shown are six important engine varisbles together

il
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with an event marker trace that provides an accurate time scale.
These records show that the engine control opened the fuel valve
gradually until an unstable condition was reached and an oscillation
of 81l varilables except nozzle ares occurred.

During the last three cycles, a condition of burner blow-out
was approached, whilch is thought to be the cause of the flattening
of the wave forms for the fuel-valve poeltion asnd the compressor-
discharge pressure. It is possible that the flame traveled through
the turbine into the exhaust nozzle and then back into the combustion
chamber after the compressor-discharge pressure had dropped. On the .~
last cycle, the flame front traveled out through the exhaust nozzle,
resulting in burner blow-ocut.

CONCLUDING REMARKS

The type of instrumentation described in this report has mede
possible accurate determination of engine variahles during transient
engine operation. It has also given a guantitative evaluation of
engine dynamic behavior during acceleration, compressor stall, and
burner blow-out. ' Furthermore, it has proven to be a useful develop- —
ment tool for control designers because the results of esch control
modificetion can be immediately observed.

Lewls Flight Propulsion lLaboratory,
Nationel Advisory Committee for Aeronautics,
Cleveland, Ohio.

L 8gTZ
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Pe(s)

Py(s)

Po

APPENDIX - SYMBOLS

The following symbols are used in this report:

volis

gravitational constant, ft/sec@

length of tube, ft

engine speed, rpm

absolute pressure, 1b/sq ft

Laplace transform of pressure change in reservoir
Laplace transform of pressure disturbance

time derivative, d/dt

initial steady-state sbsolute pressure, 1b/5q £t
gas constant, f£t-1b/(1b)(°R)

radius of tube, ft

complex variable

initial steady-state absolute temperature, ©R
turbine-outlet temperature, °OF

volume of pressure sensor regervolr, cu ft

pen displacement, mm

ratio of specific heats

strein, microin/in,

demping ratio

fuel valve position, deg

&
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wo undamped natural fregquency, radians/sec
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Figure 1. - Recording oscillograph with six asmplifiers.
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Figure 2. - Mounts to isolate pressure semsors from mechanicel vibration.
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(2) Pressure sensor, greatly overdamped; tube length, 6 feet;
tube radius, 0.024 inch.
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(b) Pressure sensor, correctly damped; tube length, 6§ feet;
tube radius, 0.031 inch.
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(c) Pressure sensor, underdamped; tube length, 6 feet; tube radius,
0.052 inch. = .Ilr’

Pigure 3. - Illustrations of effect of varying tube radii on damping ratio
of pressure sensor; tube length and reservoir volume constant.
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Fregquency response Frequency response, d.o. to 100 ops
(sea level) 0.4 mm
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Pressure sensor Strain amplifier and recorder

(2) lLeast sensitive and slowest responding preasure-recording system.
Frequency response
1 d.o. to 100 cps

(2.8x10~4)p%+(2x10-2 Jp+1. Gain, 10 7

B
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Speed Filter Balance F d-o., amplifier
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(b) Spesd~recording system.
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(c) Gas-temperature recording system with five thermooouples
at maximum flow rates.
Frequency response
d.c. to 100 cps
Gain, 1000 '7
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(d) Position-recording sys+twem.

Figure 4. - Block diagrams showing component -lags eand gains of
basio gensing systems.
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Figure 5. - Response of speed-sensing system to voltage dis-
turbances corresponding to 100 rpm. Damping ratio, 0.6.
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Figure 7. - Sketch showing method of mounting engine snd locaticn of strain gages for
thrust-change measurementis.
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Pigure 9. - Tims rooord of aaveral varlablea duwring compressor stall in turbojet engins.
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